The fascinating optical properties of nanostructured materials find important applications in a number of solar energy utilization schemes and devices. Nanotechnology provides methods for fabrication and use of structures and systems with size corresponding to the wavelength of visible light. This opens a wealth of possibilities to explore the new, often of resonance character, phenomena observed when the object size and the electromagnetic field periodicity (light wavelength λ) match. Here we briefly review the effects and concepts of enhanced light absorption in nanostructures and illustrate them with specific examples from recent literature and from our studies. These include enhanced optical absorption of composite photocatalytically active TiO 2 /graphitic carbon films, systems with enhanced surface plasmon resonance, field-enhanced absorption in nanofabricated carbon structures with geometrical optical resonances and excitation of waveguiding modes in supported nanoparticle assembles. The case of Ag particles plasmon-mediated chemistry of NO on graphite surface is highlighted to illustrate the principle of plasmon-electron coupling in adsorbate systems.
Motivation
Solar radiation is the main long-term source of energy on earth. All other known energy sources are depletable (fossil), restricted (geothermal and gravitational), or currently not socially adequate (e.g., nuclear, because of the risks of proliferation). Though important, the density of solar power impinging on earth is a mere 1.4 kW/m 2 [1] , consequently making efficient energy conversion ever so important in light harvesting devices.
Practiced solar light harvesting schemes can be divided into two basic concepts: solar thermal and solar quantum. The former transforms solar radiation to heat, the latter into electricity or chemical fuels.
Typical devices exemplifying these concepts are the solar heat collectors and photovoltaic systems extracting solar energy in the form of electricity or by inducing a chemical reaction, for instance to produce a chemical fuel such as hydrogen. The difference in the approaches and demands on the light absorber might be understood in comparison with the natural analogues of these alternatives: in the first case, these are the atmospheric and ocean processes driven by solar radiation (wind, rain, streams, etc.) and in the second the natural photosynthesis and photolytic processes [2] of converting light energy to chemical energy and storing it in the bonds of sugar in plants, algae, and bacteria. When solar energy is purposefully converted to heat, the aim is simply to absorb as much as possible of all available radiation. In the case of quantum transformation of the photon energy, attention must be paid to the different steps in the transforming process. Therefore, the processes of initial photon absorption, generation of charge carries, their transport, separation, and attachment should be designed in a fashion to achieve a good match between the spectral distribution of the incoming light, absorption properties of the system, and the energy levels of the transition and final states.
Transition energy levels are known to vary with the size and geometry of the active structure [3] , and precise structural manipulation has become possible in the wake of nanotechnology and nanoscience hereby allowing fine tuning of transition energy levels. With this stance, all 2 International Journal of Photoenergy new construction concepts may be employed to quantum transforming devices.
In this paper, we briefly review some of the novel concepts for photon capture based on the achievements of nanoscience and nanotechnology and illustrate them with specific examples from our studies.
Background
The interaction of electromagnetic radiation with matter is classically described by the Maxwell equations in combination with the wavelength-dependent complex dielectric function
and the complex refractive index,
Being a consequence of these fundamental properties, Beer's law explicitly expresses the light field intensity at a given point, along its propagation line in some medium, according to the formula:
where I 1 and I 2 denote the intensities at the points P 1 and P 2 , respectively, and α(r) = (4π/λ 0 )nκ where λ 0 denotes the wavelength in vacuum and nκ is the purely imaginary part of the refractive index at point r [4] . A variant of Beer's law is the Lambert-Beer law which may be formulated as
Here ΔI ext denotes the intensity loss at a point z due to extinction, σ abs and σ sca are the absorption and scattering cross sections, respectively, and # is the number density of such sites [5] . The term cross section should in this case strictly be interpreted as a measure of probability for a scattering or an absorption event to occur albeit it has area dimensionality. A "cross section" may be attributed to atoms, molecules, or even larger particles, making the Lambert-Beer law generally applicable. The extinction depth, sometimes referred to as penetration depth, is a quantity defined as the physical distance into a material at which the field intensity has dropped to 1/e (barely 37%) relative to the initial intensity [4] . In this case, the Lambert-Beer law states that −γ e z e.d. = −1 ⇔ z e.d. = 1/γ e , where z e.d. is the extinction depth. Using terms of refractive index, we instead obtain z e.d = λ 0 /4πnκ. Structures showing strong optical attenuation are often denoted as optically thick. That is when the physical thickness exceeds z e.d .
While the behavior of the electromagnetic field, inside a medium, is adequately described as above, the affiliating excitation processes within this medium are also essential to perceive: absorption of photons occurs when the photon energy, hν, and momentum match those required for an energy state transition within the absorbing material. A transition strived for in solar quantum transforming devices is the electron-hole pair generation with energy sufficient to drive the envisaged process.
When devising photon capturing structures, for electronhole pair generation, a conflict arises between the profound properties of light mentioned above and the minority carrier diffusion lengths. On one hand, designing thin solar devices is a virtue, both as smaller dimensions minimize material costs and weight but also as it minimizes the probability for unwanted intrinsic electron-hole pair recombination. Electronic diffusion length is typically 40 μm for Si [6] , and to minimize bulk recombination processes the cell thickness must not exceed this diffusion length of minority carriers [7] . On the other hand, the Lambert-Beer law states the minimum thickness to obtain reasonable light absorption for a given material system: the typical semiconductor materials have extinction depths on the μm scale, exceeding 100 μm for Si in the red end of the solar spectrum. The physical constraints imposed by the mismatch between the optical and electronic length scales constitute a serious challenge for the construction of effective solar devices.
The path to circumvent this dilemma is to find innovative ways of increasing the optical thickness through manipulation of the optical density and/or the optical path length while maintaining smaller physical dimensions. Several prospects of this kind are presented in the following sections.
State of the Art
It has long been recognized that the light absorption in Si solar cells can be enhanced by the use of well-designed optical structures. Historically, one of the first approaches to trap light inside an absorbing structure is to use wavelength-scale textured substrates [9] . These include antireflection coatings to minimize the reflection losses at the front surface as well as structures designed to help trap the light within the cell. A frequently used structure consists of pyramids or inverted pyramids anisotropically etched into the top and also often into the rear cell surface [9, 10] .
Diffractive optical structures [11] , which allow increment of the optically effective cell thickness by a factor of 4-5, are more generally applicable both as the absorbing layers can be thinner and also not necessarily single crystalline in opposition to the method described above.
In the case of dye-sensitized solar cells, light trapping has been achieved by light scattering layers of polycrystalline anatase. These layers have proved to increase the photon to electricity conversion factor by 10%. In addition, the layers have shown to be active in charge carrier generation themselves [12] .
Also, photonic crystals, mimicking the electronic band structures in periodic crystals by inclusion of periodic arrays of different refractive index media into an absorbing structure have been investigated as a mean to extending the optical thickness [13] [14] [15] . In a longer perspective, more exotic socalled metamaterials [16, 17] with optical properties not International Journal of Photoenergy 3 achievable by naturally occurring materials might contribute to this development.
In contrast to the massive, nanostructured semiconductor materials feature stronger light absorption similarly to the metallic systems. On the other hand, semiconductor quantum dots (QDs) are of particular interest for application in solar devices for a different reason. Due to momentum delocalization and relaxation of selection, rules cross sections are enhanced compared to the bulk counterpart [18] . On the basis of impact ionization, single photon generation of multiple excitons has been demonstrated in PbSe, CdSe, and PbS QDs, which raises the theoretical efficiency limit of the solar cells impressively [19] [20] [21] . It is noteworthy that carrier multiplication may potentially be achieved with this approach [22] .
Concentration and guiding of light on the nanometer scale can be engineered with the help of surface and particle polaritons. Plasmonic structures exhibit large extinction cross sections and present a promising way of increasing the optical thickness of solar energy devices while maintaining a physically thin structure. Plasmons are electromagnetic modes formed by light-matter coupling in the respective material and geometry. This coupling requires materials (medium) with appropriate (sometimes negative) dielectric function and particle dimensions, or surface features, smaller than the wavelength of light. The collective oscillation of conduction electrons (plasmon-polariton) or lattice vibrations in polar crystals (phonon-polariton) provide the necessary conditions [4] . Other aspect of the emerging area of plasmonics is to develop devices that will replace some electric currents with plasmon waves, because plasmons can theoretically carry huge amounts of information squeezed into the nanometer-sized wires. The practical application of plasmonics concepts suffers, however, from the fact that plasmons "live" for only 10 to 100 femtoseconds (see Figure 2 ) before they decay radiatively into normal light waves or transform to electron-hole pairs and eventually to vibrations (heat). The big challenge is to overcome these losses in order to put the captured light energy in work or to transfer information.
Below we present several approaches, which summarize the different principles of light utilization in nanostructures (see also Figure 1 ). More could be found in a recent review by Atwater and Polman [23] .
Nanoparticles on a thin film of a high refractive index semiconductor may couple impingent light into waveguided modes propagating in the film. In this way, the lateral extension of the semiconductor defines its optical thickness while the vertical extension defines its physical. Hence the correlation between the two interfering quantities is abolished. This process has been demonstrated to be surprisingly efficient for waveguides with thicknesses on the nanometer scale [24] [25] [26] .
Whispering gallery modes, WGM, as so-called after the acoustic phenomenon at St. Paul's Cathedral in London, occur at particular resonant wavelengths of light for a given cavity size and shape. Here the light undergoes total internal reflection at the inner surface of a cavity and becomes trapped within the void (or guide) for timescales of the order of nanoseconds [27] . Due to ellipsoidal reflection even lateral extension may be miniaturized. Obviously, the increased photon path length increases the total absorption. An illustrative example of this enhanced absorption is the observation of photolysis of water-soluble components inside cloud droplets by ultraviolet/visible radiation [28] .
A similar concept for achievement of light guiding is realized by placing a plasmonic metal structure on the backside of a thin semiconductor film. The structure may couple light into surface plasmon polaritons, SPPs, propagating along the metal semiconductor interface and eventually coupling with an e-h pair excitation in the semiconductor as have been shown [29, 30] . The principle of using perpendicular directions for absorption and diffusion is the same as above.
Nanostructures may furthermore be designed to manage the electromagnetic near field; the field energy can be spatially confined to a photoactive region in a way sometimes inspired by the natural photosynthetic antenna system. Optical nanoantennae are small plasmonic particles that resonate at visible and near-IR frequencies. In a semiconductor proximity, the antenna acts as the photon absorber while the energy is coupled to e-h pair excitations within the semiconductor via the enhanced near field [31] .
Approaches to realize such structures involve, for instance, carbon nanotubes [32, 33] , zeolites [34] , and metallic nanoparticles [35] [36] [37] . In this context, one may also mention optical rectennas, with the aim to miniaturize the successful radio wave counterpart and directly convert light into a dc current by means of a combined antenna and rectifier structure [18, 38] .
Our final example is the utilization of the plasmonic excitations in solar devices by tuning the decay to e-h pairs (Landau damping) [37] . In such systems, the semiconductor is redundant as a generator of charge carriers; both light absorption and charge carrier generation are facilitated in the plasmonic particle. More on plasmonic decay specificity on the nanoparticle material is presented in a paper by Langhammer et al. [39] .
Illustrative Examples
Our primary interest lies in the enhanced light harvesting in photovoltaic and photocatalytic devices in which the solar light is quantum converted in photochemical or photoelectric processes by the absorbing system. The conversion of solar energy into electricity usually occurs either directly or through thermal conversion. However, it is worth noting that a new mechanism, photon-enhanced thermionic emission, which combines electric as well as thermal conversion mechanisms, is now shown to lead to enhanced conversion efficiencies that potentially could even exceed the theoretical limits of conventional photovoltaic cells [40] . The principal decay paths for a localized (particle) plasmon excitation. On the left hand side, the radiative damping by photon emission and accompanying interferential effects. On the right hand side, the nonradiative damping by charge carrier-and direct heat generation. For details see [5] .
Optically Active
bond formation (0.5-6.5 eV). This should allow one to create conditions and propose schemes for enhanced (solar) light absorption in nanostructured materials and utilize the deposited energy to run chemical transformations such as water splitting. Figure 4 , presenting previously unpublished results, shows that the extinction spectra of these structures are readily tuned via the metal particles' size.
In the case of plasmon-enhanced photochemistry, an area pioneered by Brus in the early eighties [41] , both radiative and nonradiative enhancement pathways have been pursued, as illustrated in an extensive review article by Watanabe et al. [42] . To give two representative examples, the photocatalytic degradation of methylene blue was found to be significantly increased on nanocomposite photocatalysts consisting of silver nanoparticles embedded in titania. Radiative energy transfer from the Ag nanoparticles to the semiconductor was claimed to be the origin of increased efficiency [43, 44] . Tian and Tatsuma, on the other hand, reported that ethanol and methanol can be photocatalytically oxidized by gold nanoparticle-nanoporous TiO 2 composites (at the expense of oxygen reduction) under visible light illumination [45] . In this case, photoexcitation of the gold nanoparticles was followed by simultaneous charge transfer of electrons from the gold to the TiO 2 conduction band and from a donor in solution to the gold nanoparticle.
The main idea behind our photodesorption study [8] was to investigate how the shape and size of silver clusters on a graphite surface will influence the interaction of light with adsorbate covered surface. Since the optical properties of the clusters are dominated by plasmon excitations, the photoinduced transformations will be indicative for their decay mechanisms. This was done by monitoring the changes in cross section for photodesorption of NO. NO was chosen as the probe molecule since its photoactivity on silver is well known. The photodesorption of NO from a silver substrate occurs via hot-electron scattering at the 2π * resonance of adsorbed NO with the hot carriers created in the substrate upon photon absorption (substrate-mediated hot electron driven process) [46, 47] . Therefore, an experiment allowing comparison between the desorption cross sections in the cases of resonantly and nonresonantly excited nanoparticles will be indicative for the role of the plasmon particles and their energy dissipation.
The composition of the experimental model system was based on the following reasons. Silver clusters are known for their strong plasmonic response in the blue and near UV Figure 3 : Elliptically-shaped silver nanoparticles show two separate plasmon resonance frequencies for light polarized parallel to the short and long axes, respectively. The graph demonstrates the effect of plasmon-mediated photodesorption of NO from Graphite surface (from [8] ). The strong size dependent variation of the photoyield is in contrast with the smooth increase of the total Ag coverage (see dashed line).
part of the spectrum [5] . The plasmon resonance energy, when transferred to e-h pairs, will be sufficient to drive the bondbreaking of NO from the surface. From an experimental point of view, it is relatively simple to prepare silver clusters on graphite. Ag clusters on graphite grow in the VolmerWeber mode, resulting in well-defined individual particles with ellipsoidal shape [48] .
The similar work functions of silver and graphite (4.5-4.8 eV) are also beneficial for our study since any changes in photodesorption cross sections will not be related to changes of work-function with increasing silver coverage.
Under pulsed irradiation with 355 nm photons, we observed a clear dependence of the initial photoyield on the average cluster size with a maximum yield at a silver coverage of 4.5·10 15 and 1.4·10 16 at./cm 2 ( Figure 3 ). Cluster size is dependent on surface coverage, and these amounts correspond to elliptical clusters with long, respectively short axis of ca. 60 nm. The dashed line in Figure 3 shows that the expected signal increase as due to the larger surface area of the clusters. Obviously, the observations cannot be explained only by the higher cross-section (∼×6) from silver surface. We speculate that the enhancement of the total cross-section for NO photodesorption results from the enhanced optical absorption leading to increased hot charge carrier generation in graphite and the hot charge carrier generation in clusters.
Resonance Cavities and
Waveguiding. Previously we have described how plasmonic particles may couple light into thin film waveguides. Here [49] we demonstrate how such coupling may be utilized to self-assemble periodic structures of the light scattering particles.
The experiments were done using suspended 100 × 100 μm 2 wide and 40 nm thick membranes of Si 3 N 4 , supported on the edges by bulk Si [50] . Upon the membranes, mechanism is presented in Figure 5 The key mechanism behind the grating formation is the amplitude modulation of the field intensity on the metal surface arising when the waveguided field and the incident field superimpose. The time averaged energy density may be expressed according to
Here E 0 and E wg denote the amplitudes of the incident and waveguided electric fields, respectively, k 0x and k wg denote their wavevectors projected on the propagation direction of the guided wave, and finally, ϕ 0 and ϕ wg their phases. The periodicity of the fringes is hereby given by
This self-assembly of periodic gratings on a waveguide might become a useful tool in the fabrication of plasmonic light trapping devises in combination with particle shape control methods [51] .
Geometrical Optical Resonance.
Carbon materials are known for their very specific optical properties. For example, the relative high refractive index and moderate dispersion explain the brilliance of diamonds; the electron structure of amorphous carbon and graphite explains their strong absorption in the visible range [52] . The discovery of new carbon allotropes, the fullerenes, carbon nanotubes, and more recently graphene (single layers of graphite) [53] [54] [55] was noticed by directing most of the optical studies of nanosize carbon structures toward them. However, fabrication and exploration of the properties of nanostructures of the conventional carbon materials, glassy carbon (GC), and highly oriented pyrolytic graphite (HOPG) is of great interest per se and for comparison. Recently, we performed a systematic investigation of the correlation between optical absorption and the size of graphite nanostructures [56] . Samples with structure diameters ranging from 160 to 330 nm and heights from 60 to 190 nm were prepared. In order to better understand the role and properties of carbon (graphite) substrate, we developed a process for fabrication of carbon nanostructures on the surfaces of highly oriented pyrolytic graphite (HOPG) and glassy carbon (GC) samples, using hole-mask colloidal lithography and oxygen reactive ion etching (RIE). Identical preparation schemes applied to the two materials yield structures with remarkably different shape and sizes. For example, 361 nm high and 37 nm diameter structures on glassy carbon compared to 120 nm high and 119 nm diameter structures on HOPG, see Figure 6 (b). An important property of these structures, in the context of photo catalytic applications, is their strong optical absorption in the visible range. The disk-like nanostructures were etched out of the basal plane surface of highly oriented pyrolytic graphite, using hole-mask colloidal lithography and oxygen reactive ion etching. Optical absorption spectra for wavelengths between 200 and 2500 nm were measured. Furthermore, electrodynamics calculations were conducted to model the optical properties of graphite nanostructures of similar sizes. Both the experimental and the theoretical work revealed 25 that resonant absorption correlated to the nanostructure diameters and heights. These absorption peaks are redshifted, from the visible for the smallest structures to near infrared for the largest. Simultaneously, the intensity of the absorption peaks increases for increasing structure heights, while increasing diameters results in decreased absorption.
Scattering Structures.
Nanocrystalline TiO 2 is widely used as photocatalyst due to its exceptional physiochemical properties. However, its wide bandgap (∼3.2 eV) is the main restriction for it to be used for practical applications in solar energy conversion schemes. Similarly to many other studies [57] , our aim is to improve the overall efficiency by enhanced 9 solar light absorption in the visible regime. We work with TiO 2 deposited on graphitic-like carbon film [58] as shown in Figure 7 . Additionally to the enhanced absorption in the visible, the carbon film is expected to promote efficient separation of photogenerated charge carriers because of its anisotropic conductivity for electrons and holes [59, 60] As the photoreaction occurs on the surface of the TiO 2 catalyst, it is of great interest to investigate thickness dependence of charge transport in the titania films and how the presence of carbon film affects the size of crystallites. Both carbon and titania films were prepared by ebeam evaporation and DC reactive magnetron sputtering, respectively, at room temperature on a fused silica substrate. Postdeposition annealing was carried out to reduce internal stresses and improve crystallinity in the film at 800
• C and 500
• C for carbon and TiO 2 , respectively. Optical measurements of the composite films with different thicknesses are illustrated in Figure 7 . The general observation is that composite films absorb more in the visible than pure titania films. Most importantly, the absorption threshold of TiO 2 has red shifted for composite films.
The catalytic activity of the films was tested in the reaction of photo-oxidation of methanol to CO 2 and water. The measurements were made in a, for this purpose constructed, minireactor (∼880 μL volume) in batch mode under UV light illumination of 120 mW/cm 2 . The products were monitored in situ by a mass spectrometer coupled to the reactor via a capillary. The rates of CO 2 formation as a function of photocatalysts composition were obtained by monitoring m/z = 44 mass spectrometer signal and are summarized in Figure 8 . According to Figure 8 , composite films clearly have enhanced photoactivity compared to pure titania films. The observed enhancement of photocatalytic activity is assigned to synergy effects at the carbon/TiO 2 interface, resulting in smaller titania crystallites and anisotropic charge carrier transport, which in turn reduces their recombination probability.
Variation in photoactivity with the thickness of the titania layer, both for pure and composite films, can be seen from the figure. The activity gradually increases up to certain thickness after which it starts to decrease. Once the film thickness reaches optimum value (∼mean free path distance), it encounters more scattering on its way to the surface. As a consequence, the photoactivity decreases at thicknesses beyond the optimum due to enhanced trapping of charge carriers although the optical absorption volume of the films increases. Overall, this measurement clearly discriminates the effect of thickness on charge transport and photoactivity as discussed above.
Conclusions
With this paper, we have brushed the surface of what is possible to achieve in light harvesting with the aid of nanoscience and nanotechnology. Owing to miniaturized light trapping structures and enhanced absorption cross sections, solar devices may be designed with thicknesses well below the charge carrier diffusion lengths with maintained, or even altered, light harvesting efficiency.
